This paper presents a novel Circularly Polarized (CP) microstrip array antenna with circular shape and slotted by an elliptical ring for X-band communication. This array antenna consists of 4 paths. Each patch is designed with a unique model, and the purposed antenna is mainly circular-shaped. An elliptical ring slot is set at the center of the circular-shaped patch. And a pair of triangle shapes employed as truncation factor is placed at the edge of the circular-shaped antenna. This microstrip array antenna is developed by 2 × 2 patches in a sequential rotation mode with relative phases 0 • , 90 • , 180 • , and 270 • . The total dimension of this array antenna is 60.92 mm × 60.92 mm. The simulated result shows a good agreement with minimum requirement. The center frequency of the antenna design is 8.2 GHz with low frequency at 8 GHz and high frequency at 8.4 GHz. The proposed antenna is produced under −10 dB S 11 of 21.9%, maximum gain of 12.47 dBic at the center frequency, and axial ratio bandwidth of 12.2% is obtained. Simulated result has been validated by fabrication and measurement, then the structure of the antenna design is fabricated on NPC-H22A with a thickness of 1.6 mm and dielectric constant of 2.17. Complete investigation and experimentation are presented in the next sections.
INTRODUCTION
In the last decade, microstrip antenna has attracted earnest consideration of the antenna community [1] . Due to its dependability of compactness, easy fabrication, low profile, light weight, portability, and low cost fabrication [2] , microstrip antenna is very suitable for the requirement of satellite (spaceborne) [3] and air-borne applications [4, 5] . Furthermore, microstrip antenna significantly has flourished in some field, for example, military [6] , medical [7] , and maritime [8] fields. Thus, the development of a circularly polarized (CP) antenna for X-band communication utilizes microstrip material. The development of the antenna is based on GAIA II/LAPAN-Chiba-sat project. LAPAN-Chibasat is a collaborative project between Josaphat Microwave and Remote Sensing Laboratory (JMRSL) of Chiba University and National Institute Aeronautics and Space of Indonesia (LAPAN) [9] . GAIA II/Chiba-sat is planned to be launched in 2022. GAIA II/Chiba-sat is a Synthetic Aperture Radar (SAR) satellite with an L-band CP-SAR antenna which is employed as the sensor. This GAIA II has a total mass of 150 kg. Also this antenna communication could be implemented on air-borne vehicles (UAV, quadrottor) [10] .
Low gain is one of the drawbacks of the microstrip antenna [11] [12] [13] [14] [15] . Therefore, various possible solutions were attempted to rectify this issue, for example, utilizing a near-zero-index meta-material to enhance the gain [16] . Nevertheless, its structure was excessively fragile. The second solution was using a cylindrical shell-shaped superstrate [17] . By using this method, the cylindrical shell-shaped superstrate material is set on a patch radiator. This method succeeded in increasing gain. However, the result shows that its construction is not rigid and lack of compactness. Another technique was using a single dielectric superstrate on its design [18] . This method implemented a superstrate between two substrates, and it shows that the model is neither compact nor rigid. These three methods showed a similar result that they were all fragile. Another technique in enhancing the bandwidth was by incorporating a phased array method into the design. By employing this technique, the antenna design was kept rigid, compact, and suitable for fast-moving vehicles (such as microsatellite, aircraft, and, UAV). Therefore, the design of the microstrip array antenna with sequential rotation method for X-band communication is presented in this paper.
Furthermore, the design of the single microstrip antenna merely produced 6.5 dBic of gain, whereas the desired gain of the antenna design must be up to 10 GHz and 400 MHz of bandwidth. One of the solutions to rectify this issue was by implementing the antenna array method. This method was already presented in some researches [19, 20] . In addition, the gain of the simulated result reached 6.9 dBic at the center frequency of the single patch. Meanwhile, by using a 2 × 2 microstrip array method, the gain of the antenna design reached up to 12 dBic at the center frequency (8.2 GHz).
Based on an integral feed network, the array antenna can be divided into corporate feeds and parallel feeds [21] . In comparison, the corporate feeds have better efficiency than the parallel feeds. However, the parallel feeds are more effective in controlling the aperture distribution [22] . In this antenna design, a parallel feed with sequential network feed was employed; 0 • , 90 • , 180 • , and 270 • phase shifts were applied to each microstrip. The purposive network feeding design with subsequent rotation is designed to improve circular polarization. This has been presented in many papers, such as in [23] [24] [25] [26] . Then a pair of triangle truncation shapes is set at −45 • of the x-axis and 45 • of the y-axis to generate circular polarization. Meanwhile, an elliptical-ring-slot (ERS) set in the middle of the patch antenna was intended to enhance the bandwidth of the axial ratio and return loss [27] .
The minimum requirement of the antenna design presented in Table 1 . The antenna design must be in circular polarization mode, with minimum gain up to 10 dBic, total weight of the antenna no more than 0.4 kg, etc. This minimum requirement of the antenna design is based on the RF system of the GAIA II/Lapan chiba-sat. The proposed antenna was printed on double layers. The design of the antenna was simulated in CST Studio Suite 2017. The simulation results showed that bandwidth of return loss obtained 21.9% (7.5-9.3 GHz); <3 dB axial ratio bandwidth achieved 12.2% (7.3-8.3 GHz); and the gain yielded of 12.45 dBic. 
SINGLE MICROSTRIP ANTENNA DESIGN
The structure of the single microstrip of the antenna design is shown in Figure 1 . The antenna is printed in double substrates, on which the first substrate is set for a microstrip radiator, then the back side of top substrate is set for microstrip line and ground-plane set on the second substrate. A patch radiator of the antenna formed by a circular-disk with an elliptical ring slot is set on the centre of the microstrip radiator, while a pair of triangle truncation shapes cuts off the microstrip radiator. The purpose of the truncation factor is to generate polarization characteristics. In addition, the elliptical-ring-slot is another factor that is utilized to strengthen the circularly polarized characteristics and also fashioned as a bandwidth enhancer. As shown in Figure 1 , the dimension of single microstrip of the proposed antenna is 38.85 mm ×L p = 38.85 mm is as width and length of the single microstrip antenna. The microstrip radiator of the antenna is represented by R p = 5.41 mm as radius of the circular disk, R e = 1.275 mm as far radius of the elliptical ring slot, and r e = 0.775 mm as a near radius of the elliptical ring slot. The elliptical ring slot has a width about E l = 0.22 mm. The dimension of the triangular truncation is represented by T d = 1.5 mm as width of the triangle and T h = 1.6 mm as height of the triangle. Then for the feeding line W f = 4.5 mm, W g = 2 mm, L fl = 10, L f = 18, H a = 3 mm, H s = 4 mm.
Characteristics of Single Microstrip Antenna
In order to ensure reliability of the antenna design, investigation of characteristics of single microstrip of the proposed antenna is necessary. Four consecutive images in Figure 2 depict typical current distributions on the surface of the single microstrip of the proposed antenna. Undoubtedly, the microstrip antenna design could generate circular polarization characteristics. The SMA connector delivered current from the source to the feed-line. It is shown in Figure 2 (1) that the feed-line contains current and starts to discharge the current. Figure 2 (2) depicts that current is transferred to microstrip radiator, flies along the feed-line, then reaches the radiator. The compiled current by the microstrip radiator becomes a wave with circular polarization, which is described in Figures 2 (3, 4) . The single microstrip antenna design produced a decent bandwidth of axial ratio, reflection coefficient, S 11 , and gain. Its result met the minimum requirement of the single microstrip antenna. The simulated result of under −10 dB reflection coefficient, S 11 bandwidth, reaches 1.2 GHz (7.5-8.7 GHz), with the deepest curve at 7.8 GHz of −18.9 dB, and at the center frequency of 8.2 GHz it is 15.2 dB. The result of the simulated reflection coefficient is shown in Figure 3 (a). Then Figure 3 (b) depicts the simulated result of < 3 dB axial ratio, and its bandwidth is 0.5 GHz (7.9-8.4 GHz), then the deepest curve at frequency 8.21 GHz is 0.07 dB. The most influential parameter to the circular polarization characteristics is the truncation factor. Detailed comparison result of the triangle shaped truncation variation is as shown in Table 2 . Table 2 shows that triangular truncation has a significant effect on circular polarization characteristics. It is an evidence that wider truncation factor will shift the < 3 dB axial ratio to a higher frequency ,and the polarization becomes elliptical. As a result, the axial ratio achievement gets closer to < 3 dB. When T d = 1.5 mm, the axial ratio bandwidth achieved 6.7% with the deepest curve at the center frequency of 8.2 GHz at 0.037 dB, which is close to 0 dB, meaning that it is perfectly circularly polarized. T d = 2 mm also attained good result about 11.6%; nevertheless in the center frequency, it attained about 1.06 dB. Thus, the axial ratio performance of T d = 1.5 mm is better than w d = 2 mm.
On the other result, T d = 2.5 mm and 3.5 mm evince that the axial ratio performance is unsatisfactory. The axial ratio shifted to the higher frequency, up to 8.2 GHz, whereas the desired frequencies were at 8 GHz to 8.4 GHz. Thus, this result is unacceptable. Furthermore, the triangular truncation affects the performances of reflection coefficient, S 11 . The diversity of the reflection coefficient result can also be seen in Table 2 . The widest impedance bandwidth achieved is T d = 2 mm which is able to obtain 18%. Nonetheless, the result reaching the center frequency is low, about 13.5 dB close to −10 dB. T d = 2.5 mm and 3.5 mm can produce dual-band frequency, for 2.5 mm at frequencies of 7.4-8.02 GHz and 8.17-9.5 GHz, then for 3.5 mm at frequencies of 7.2-7.8 GHz and 8.4-9.8 GHz. These results are unacceptable since they are shifted from desired frequency. Then for T d = 1.5 mm can produce good performance of under −10 dB impedance bandwidth which is obtained 18%, and at the center frequency of 8.2 GHz, 15.6 dB is obtained. In conclusion, T d = 1.5 mm is much better in improving the performance of the axial ratio bandwidth and impedance bandwidth among others. Figure 4 shows the simulated gain of the single microstrip antenna for T d = 1.5 mm. It can be concluded that the variation of the truncation factor has small effect on bandwidth. The gain is 6.68 dBic at the center frequency. Then, at the low frequency (8 GHz) it is 6.7 dBic, and at the high-frequency (8.4 GHz) it is 6.4 dBic. The greatest achievement is at 8.1 GHz of 6.8 dBic. Overall, the expected achievement of gain of the single microstrip antenna is satisfying. 
2 × 2 ARRAY ANTENNA DESIGN
Development of the 2 × 2 array antenna is based on the single microstrip X-band antenna design. The proposed array antenna is developed in a sequential rotation method as illustrated in Figure 5 . This X-band communication antenna has center frequency at 8.2 GHz. A clockwise sequential rotation technique is implemented on this antenna array design. The purpose of this method is to enhance the bandwidth of the axial ratio. The microstrip radiators are separated by a distance of 27 mm or equal to 0.75λ 8.2 GHz. The proposed antenna is constructed in double substrates, which is similar to the construction model of the single microstrip one. Thus, the top layer of the substrate is set for microstrip radiator, while the microstrip network feeding is squeezed between the two substrates. After that, it is set in the backside of the second substrate set for ground-plane. Detailed geometry of the 2 × 2 array antenna is shown in Figure 5 . Figure 6 (a) depicts the comparison of the simulated results of reflection coefficient between single and array antennas. In comparison, the reflection coefficient, S 11 , of single microstrip antenna is narrower than array's reflection coefficient. The achievement of simulated result of impedance bandwidth of the single microstrip antenna reaches nothing but 15.4% with inmost deep impedance bandwidth at 7.76 GHz of −18 dB. Then at the center frequency reflection coefficient, S 11 , is −16 dB. On the other hand, the simulated result of reflection coefficient of the array antenna is wider and deeper. Its reflection coefficient result is 21.9% with inmost deep point at 8.51 GHz of −22 dB. Then at the center frequency (8.2 GHz) reflection coefficient, S 11 , reaches −17 dB.
Comparison of the simulated axial ratios of single microstrip and array antennas is shown in Figure 6 (b). Its result shows a significant level of circularly polarized characteristics. The array antenna can produce board-band bandwidth of the axial ratio compared to the axial ration of single microstrip antenna. However, the axial ratio of the single microstrip antenna is sharper than the axial ratio of array antenna. In addition, a single microstrip antenna produced < 3 dB bandwidth of axial ratio which reaches nothing but 6.7% (7.9-8.43 GHz) and tapered at 8.2 GHz of 0.037 dB. Meanwhile, < 33 dB bandwidth of the axial ratio of the array antenna obtains 13% (7.3-8.4 GHz), with inmost deep point at 7.51 GHz of 0.21 dB. Then, at the center frequency it is 1.68 dB. It can be concluded that S 11 and axial ration bandwidth of the array are wider than single patch. The array antenna has 4 elements radiators which can strengthen radiation power of the antenna. Thus the reflection coefficient of array antenna becomes wider. The sequential rotation of the feeding line of the array antenna can generate axial ration bandwidth which becomes wider than the single one, and every patch generates circular polarization characteristics by continuously having a relative phase of 90 degrees.
The minimum requirement of reflection coefficient, S 11 , is less than −10 dB, and the bandwidth is more than 0.4 GHz. In order to achieve this requirement, some methods are implemented to the antenna design. One of them is employing Z S equal to 50 Ω; in this way, it can generate the maximum power of transmission, thus achieved impedance source is equal to load impedance. Investigation of the initial result of the microstrip feed path is presented in Figure 7 . Figure 7 (a) highlights the alteration of the reflection coefficient, S 11 , due to variation of the feeding line. Changes are made by varying the length of the feeding line, and then it sweeps from 8 mm, 9 mm, 10 mm, 11 mm, and 12 mm. With length of 8 mm, 8.5% (7.4-8.1 GHz) reflection coefficient, S 11 , can be obtained. This result is unacceptable. Subsequently, the feeding line is set to 9 mm, and its result shows a progress. Its reflection coefficient, S 11 , bandwidth reaches 22% (7.5-9.35 GHz). Even though the achievement of the bandwidth is satisfying, its result does not have a decent achievement at the desire frequency. For example, at center frequency of 8.2 GHz nothing but −11.73 dB is obtained. This point is near the minimum requirement of −10 dB, which is unacceptable. Hereinafter, the length of the feeding line to 10 mm and its simulated result shows a better product. The reflection coefficient, S 11 , bandwidth obtains 21.9% (7.5-9.3 GHz), then at the center frequency of 8.2 GHz it reaches 17.6 dB. The deepest point for this variant is at 8.51 GHz of −22 dB. Another variation of feeding line is set for 11 mm, and its impedance bandwidth reaches 18.9% (7.75 GHz-9.3 GHz), and at the center frequency, −14.3 dB is yielded. Then, the last variation is the feeding line set at 12 mm. Its product shows flatter results. The deepest reflection coefficient, S 11 , point is at 8.7 GHz of −15 dB, and the achievement of the bandwidth is nothing but 12% (8.25-9.3 GHz). It means that its result is out of the desired frequency. Figures 7(b) and 8 highlight the comparison of the simulated results of the axial ratio and gain. In this case, the variation of feeding line does not give significant influences on the axial ratio and gain. The average bandwidth of all axial ratio results is 13.52%, with the higher percentage of 14.6% and lower one of 12.2%. It means that the gap of each diversity is not significant or almost similar. In addition, the gain achievements are also similar to each other. All of the variants achieve more than 12 dBic of gain. The highest peak is at 10 mm, then the lower peak point is at 12 mm. In this section, it can be concluded that the finest variant is when the length of feeding line = 10 mm. A complete summary of investigation is shown in Table 3 . Fabrication process must be accomplished to verify the dependability of the array antenna design. By a proper execution and a good measurement process, the antenna design will be feasible and competent. The investigation on the model of the proposed antenna proceeds on CST Studio Suite 2018, and then the fabrication and measurement are executed in an anechoic chamber at JMRSL of Chiba University. The fabricated antenna is shown in Figure 9 , and the total dimension of fabricated antenna is 6 60.92 mm × 60.92 mm. It is fed with an SMA connector at the edge of the substrate. The antenna design is printed on double substrates then put together with plastic screws in every corner. Schematic of the measurement system is shown in Figure 10 . Figure 10 shows the description of the schematic of the measurement system in JMRSL facilities. Some instruments are implemented in the measurement processes. There are two groups of instruments used in this experiment. First one (the instruments set in the anechoic chamber): The turn table for Antenna Under Test (AUT), a pair of conical log spiral antennas (left-handed and right-handed) as a transmitter, and a pole to mount the antenna transmitter. Second one (the equipment that is set outside the anechoic chamber): A controller to control the movement of the turntable, a Vector Network Analyzer (Agilent VNA E8362C) used in this experiment, and a computer unit as data storage and to control all systems. Figure 11 (a) shows the comparison of simulated and measured reflection coefficients, S 11 . It displays that there is agreement between simulated and measured impedance bandwidth characteristics. Simulated result can produce the reflection coefficient of 21.9% with low-frequency (8.0 GHz) at 7.46 GHz and its high-frequency (8.4 GHz) at 9.4 GHz. Then, the deepest point of the reflection coefficient is at 8.51 GHz of −22 dB. Nevertheless, in the center frequency (8.2 GHz) it is −17.6 dB. On the other hand, the measured result shows similar characteristics of reflection coefficient, S 11 . It is 20% with the lowfrequency at 7.57 GHz and high-frequency at 9.3 GHz. The deepest point is at 8.09 GHz of −18.12 dB, then in the center frequency 8.2 GHz, it is −16.8 dB. The fabricated antenna produces a good suitability of reflection coefficient, S 11 , and also a product precision which is at the desired frequency, even though its measured result is decreased for about 1.9%. Compared to the simulated one, the measured result is much narrower, but its result has deeper axial ratio and much deeper also at the center frequency, which means that the measurement one is more circularly polarized. In this case, the discrepancies of the results are caused by imprecision in fabrication or some shifting in the fusion between the first and second substrates.
The minimum requirement of the gain is up to 10 dBic. Comparison of simulated and measured gains is shown in Figure 12 , which are in agreement with the minimum requirement. In simulated results, 11.14 dBic is obtained at the low frequency (8.0 GHz), while at the high frequency (8.4 GHz) 12.38 dBic is obtained. At the center frequency (8.2 GHz), this antenna design produces 11.8 dBic. Subsequently, the highest gain is at 8.5 GHz which is 12.5 dBic. On the other hand, in measured results, 9.7 dBic is obtained at the low frequency of 8.0 GHz, while at the high frequency (8.4 GHz), 11.65 dBic is obtained. Hereafter, the higher point in this curve at 8.44 GHz is 12.76 dBic. The average values of both gains The decreasing values or shifted result of the measurement compared to the simulation result is caused by many factors, such as imprecise during fabrication process (cutting, drilling, etching) or error in the measurement process (cabling, program, miss of target) [28] . Simulated and measured radiation patterns of the proposed antenna in Cartesian graph are shown in Figure 13 . Its results indicate that the radiation patterns have similarity, although the simulated one shows its power to be stronger than the measured one. The simulated radiation pattern has a main lobe about 16 dBi with the direction at 1 • , while the measured result shows that the power of pattern slightly decreases, with its main lobe about 13 dBi. Afterwards, its side lobe level is also higher than the simulated radiation pattern. Nevertheless, the direction is in line with simulated radiation pattern.
In this research, experimentation of the radiation patterns of the proposed antenna is also observed in another polarization. In this case, the proposed antenna has a left-handed circular polarization (LHCP), thus, the opposite polarization is right-handed circularly polarized (RHCP). The purpose of this kind of experimentation is to ensure the exact polarization and the power of radiation. Figure 14 shows the LHCP against RHCP radiation patterns in the X-Z plane and Y -Z plane, 8 GHz, 8.1 GHz, 8.2 GHz, 8.3 GHz, and 8.4 GHz. The direction of maximum radiation pattern tends to get tilting about 1 degree in the case of X-Z plane. This state is similar to the simulation one. Overall, the fabricated antenna has a good agreement with the minimum requirement.
To complete the investigation and show its dependabilities, this section also provides comparison between the proposed antenna design and other designs, as shown in Table 4 . It shows that 2 × 2 array antenna with sequential rotation feeding line has wider axial ratio bandwidth and higher gain than the other models. 
CONCLUSION
A CP microtrip 2 × 2 array antenna with triangle truncation factor for X-band communication is proposed in this research. This antenna uses sequential rotation methods in its design, with the relative phases of 0 • , 90 • , 180 • , and 270 • . This antenna has a total dimension of 60.92 mm × 60.92 mm. The fabrication and measurement result indicate that the proposed antenna is in agreement with the simulation result and the minimum requirement. Its measurement result of reflection coefficient, S 11 , yields 20%, which is lower than the simulated result about 1.9%. Afterwards, the axial ratio bandwidth reaches 11%; however, the measured result is 1.2% lower than simulated result. Nevertheless, the measured result in the center frequency is better than the simulated one. In average value, the simulated and measured results of gain are the same, standing at 11.81 dBic. Its gain result shows good characteristics. The simulation and measurement have decent results and are in agreement with the minimum requirement. However, the measured result shows a slight decrease compared to the simulation one, due to the imprecise fabrication (drilling, cutting, etching, etc) or error in measurement process (cabling, losses in system, etc). Overall, this entire antenna design is acceptable and excellent.
